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SIGHTING COMBINATIONS FOR ORBITAL AND MIDCOURSE NAVIGATION 

DURING THE THIRD AND FOURTH HIGH ELLIPSES OF MISSION E 

By Richard E.  Eckelkamp 

.' 

SUMMARY 

Available s igh t ing  combinations f o r  midcourse and o r b i t a l  navigat ion 
during t h e  t h i r d  and four th  high e l l i p s e s  of Mission E are discussed and 
t h e  method of obtaining these  combinations i s  given. The r e s u l t s  po in t  
out the  s c a r c i t y  of poss ib le  s igh t ing  combinations and t h e  need f o r  auxi l -  
i a r y  real-time planning. 

INTRODUCTION 

The t h i r d  and fourth high e l l i p ses  on Mission E o f f e r  opportuni t ies  
t o  simulate sex tan t  midcourse navigation (Colossus program P23) and, f o r  
t h e  f irst  t i m e ,  o r b i t a l  navigation at  luna r  o r b i t  rates (Colossus program 
P22). I n  midcourse navigation star-landmark and s tar-horizon s igh t ings  
are s t a t i s t i c a l l y  weighted t o  correct  t h e  command module computer (CMC) 
es t imate  of p o s i t i o n  and ve loc i ty ,  o r  state. This method i s  t o  be used 
during t h e  t r ans luna r  and t ransear th  phases of t h e  lunar  missions. 
navigat ion cor rec ts  t h e  CMC estimate of both t h e  state and the  pos i t i on  
of a landmark by processing s ight ings on a landmark. This process can 
determine both the o r b i t  and a landing s i t e .  

Orb i t a l  

Performing midcourse navigation on Mission E w i l l  produce information 
valuable t o  t h e  luna r  missions on instrument e r r o r s ,  horizon and landmark 
p e r c e p t a b i l i t y  , as t ronaut  technique, and f u e l  requirements. The navigat ion 
results can be used fo r  pos t f l i gh t  ana lys i s  and improving t h e  horizon 
e r r o r  model. Paramount among these r e s u l t s  i s  t h e  la t ter .  Improvement o r  
v e r i f i c a t i o n  of t h e  horizon e r r o r  model i s  necessary before  navigation. 
plans can be made f o r  Missions F and G.  Accurate es t imat ion of t h e  horizon 
i s  hampered by cloud coverage, airglow, e f f e c t s  of t h e  s o l a r  cyc le ,  
a sphe r i c i ty  of t h e  e a r t h ' s  surface,  and bias i n  t h e  as t ronaut ' s  determina- 
t i o n  of t h e  horizon. 
due t o  deviat ions i n  estimated perpendicular i ty  f o r  star-horizon observa- 
t i o n s  (ref.  1). 

Horizon de f in i t i on  e r r o r  by far exceeds t h e  e r r o r  
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Select ion of a navigation p lan  t o  accomplish t h e  goals of Mission E ,  
or any mission, involves a d e t a i l e d  ana lys i s  of a l l  t h e  poss ib le  s i g h t i n g  
combinations within t h e  t i m e  a l l o t t e d  f o r  t h e  navigat ion.  
presents  s igh t ing  combinations f o r  such an ana lys i s ,  and a r e s u l t i n g  
sample plan.  
e x i s t  both i n  t h e  Mathematical Physics Branch and a t  MIT I L .  

This paper 

Computer programs needed f o r  generat ion of navigat ion plans 

Once t h e  objec t ives  of performing a midcourse or o r b i t a l  naviga t iona l  
sequence have been e s t ab l i shed ,  t h e  p r i n c i p a l  element t o  be considered 
i n  t h e  se lec t ion  of a navigation plan i s  t h e  s igh t ing  schedule. Other 
f a c t o r s ,  such as t i m e  of CMC update,  number of marks taken per  s igh t ing  
combination, and t i m e  of i n e r t i a l  measurement un i t  ( I M U )  alignment can then 
be obtained. 

This procedure occurs because s igh t ing  combinations a r e  of ten  scarce .  

(Additional stars may be punched i n t o  t h e  CMC with mark 
These combinations are scarce pr imari ly  because t h e  CMC has only 37 stars 

f ixed  i n  memory. 
rou t ine  R53. ) 

DETERMINATION OF SIGHTING COMBINATIONS 

To determine t h e  a v a i l a b i l i t y  of s igh t ing  combinations a t  any t ime 
during t h e  t h i r d  and fourth high e l l i p s e s  of Mission E ,  an ephemeris of 
t h e  CSM t r a j ec to ry  w a s  generated from t h e  following i n i t i a l  condi t ions:  

x, rt . . . . . . . . . . . . . . . . . . . . . .  -12 676 435 
y , f t .  . . . . . . . . . . . . . . . . . . . . .  3 8 6 1 9 5 5 0  
Z ,  ~ . . . . . . . . . . . . . . . . . .  . . . .  - 1 9 1 9 0 1 9 4  
G, f p s .  . . . . . . . . . . . . . . . . . . . . .  -13 336.600 
y ,  ~ P S .  . . . . . . . . . . . . . . . . . . . . .  -2054.7177 
k, f p s .  . . . . . . . . . . . . . . . . . . . . .  4685.2392 
Time of vector,  minutes g . e . t .  . . . . . . . . .  451.60665 
Date of  launch. . . . . . . . . . . . . . . .  Sept .  30, 1968 
T i m e  of launch, hours G . m . t .  . . . . . . . . . . . . .  1900 

(These conditions were obtained from a preliminary re ference  t r a j e c t o r y  
generated by the Orbi.ta1 Mission Analysis Branch. ) 

A t  f ixed  in t e rva l s  of 30 seconds, a check w a s  made t o  determine t h e  
ava i l ab le  star-landmark and s tar-horizon combinations. 
cons t r a in t s  eliminated most of t h e  poss ib le  s igh t ings .  
an optically-measured angle between t h e  star and landmark or horizon had 
t o  be l e s s  than 45'. Further ,  a star could not appear wi th in  15' of  t h e  

Spacecraft  op t i c s  
The t runnion angle ,  
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o p t i c a l  l i n e  of s i g h t  t o  t h e  sun nor  wi th in  1' of t h e  e a r t h ' s  horizon 
( r e f .  2 ) .  
v e r t i c a l  t o  t h e  landmark (ref.  3 ) .  Landmarks and horizons had t o  be 
s u n l i t .  

To see  landmarks , t h e  CSM had t o  be wi th in  5 5 O  of t h e  l o c a l  

Some cons t r a in t s  have not y e t  been determined. The t i m e  requi red  t o  
perform and process a star-horizon or star-landmark measurement w i l l  be 
determined i n  hybrid simulations.  The p rec i se  thickness  of cloud coverage 
required t o  make a landmark imperceptible must await t h e  a c t u a l  mission. 

Table I presents  t h e  r e su l t i ng  acqu i s i t i on  and loss times f o r  t h e  
poss ib le  combinations on t h e  t h i r d  and fourth high e l l i p s e s  of Mission E. 
Figures 1 and 2 show graphs of t h e  r e s u l t s .  The landmarks usable with 
stars during t h e  navigat ion periods a r e  shown along with ground t r acks  
i n  f igu re  3. 

As expected, t h e r e  w a s  a s c a r c i t y  of s igh t ing  combinations , p a r t i c u l a r l y  
f o r  midcourse navigation. Due t o  cons t ra in ts  on t h e  t r a j e c t o r y  of t h e  
high e l l i p s e s  , star-landmark combinations t h a t  can be seen f o r  s u f f i c i e n t  
time f o r  s igh t ing  on are rare. Star-horizon combinations a r e  p l e n t i f u l  
on Mission E ,  bu t  w i l l  be sca rce r  on t h e  lunar  mission i f  supplementary 
stars are not punched i n t o  t h e  CMC. 

SELECTION OF A SIGHTING SCHEDULE 

Close ana lys i s  of t h e  r e s u l t s  reveals t h a t ,  as expected, star- 
landmark combinations with a duration of 10 minutes or longer are scarce  
while  t h e  CSM i s  above t h e  3000-n. m i .  a l t i t u d e  cons t r a in t  o r i g i n a l l y  
proposed f o r  Mission E midcourse navigation. 
3000 n. m i .  have appreciably higher angular rates r e l a t i v e  t o  t h e  CSM 
(ref.  4) ,  they can s t i l l  be used for  midcourse navigation. 
o r b i t a l  navigat ion becomes more desirable .  Star-horizon combinations a r e  
p l e n t i f u l  . 

Although landmarks below 

Below 2000 n. m i .  

Choice of a midcourse navigation s igh t ing  schedule i n  t h i s  ins tance  
involves s e l e c t i n g  star-landmark combinations when they e x i s t  , then 
completing t h e  schedule with star-horizon s igh t ings .  
are presented i n  t a b l e s  I1 and 111. A 10-minute s igh t ing  i n t e r v a l  was 
se l ec t ed .  

Two sample schedules 

The length can be b e t t e r  determined a f t e r  hybrid s imulat ions.  

Choosing an o r b i t a l  navigation schedule involves se l ec t ion  of land- 
marks only. The star-landmark combination e n t r i e s  can be used f o r  t h i s  
purpose. 
are not  included i n  t h i s  paper. 
i s  not given 

Other ava i l ab le  landmarks, which could not be l inked  with stars, 
A sample schedule f o r  o r b i t a l  navigat ion 
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REAL-TIME SCHEDULE SELECTION 

A s  noted, t h e  launch d a t e  f o r  t h e  ephemeris w a s  taken t o  be 
September 30, 1968. For launches i n  ear l ie r  or l a te r  months, t h e  s i g h t i n g  
combinations change. Since t h e  o r b i t s  f o r  t h e  Mission E high e l l i p s e s  a r e  
f ixed  r e l a t i v e  t o  t h e  e a r t h ,  t h e  ava i l ab le  landmarks w i l l  remain t h e  sane 
f o r  t h e  nominal mission. 
launch d a t e  and t i m e .  Table I V Y  r e p r i n t e d  from reference 5 ,  i nd ica t e s  
dependence on launch date by an ana lys i s  of star-horizon combinations. 

The available stars , however, w i l l  change with 

Deviations from t h e  nominal mission a l t e r  t h e  acqu i s i t i on  and l o s s  
times of both landmark and stars. A change i n  t h e  hour of launch causes 
some nominal landmarks t o  be dark and new ones t o  be l i g h t e d .  Real-time 
s i g h t i n g  schedule planning i s  thus  necess i t a t ed .  Real-time planning a l s o  
o f f e r s  t h e  a b i l i t y  t o  s e l e c t  combinations which w i l l  t e s t  c o n s t r a i n t s ,  
optimize navigation performance, and avoid attempting s igh t ings  on cloud- 
covered landmarks. Information from t h e  Weather Bureau may be used t o  a i d  
i n  t h e  l a t te r .  

CONCLUDING REMARKS 

This paper has presented t h e  material and ou t l ined  t h e  p r i n c i p l e s  
for t h e  s e l e c t i o n  of nominal midcourse and o r b i t a l  navigation plans required 
f o r  Mission E. Additional real-time planning i s  necessary,  however, s i n c e  
s h i r t s  i n  t h e  t r a j e c t o r y  and change i n  experimental conditions a f f e c t  t h e  
a v a i l a b i l i t y  of s igh t ing  combinations. The ana lys i s  presented shows a 
s c a r c i t y  o f  star-landmark s i g h t i n g  combinations. 
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TABLE 1V.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E 

Apollo 
s t a r  

number - 
High g . e . t .  g . e . t .  Total  

apogee acquired , 10s s t i m e  , 
pass number s ec s ec sec 

2 

3 

4 

5 

6 

26 

29 

30 

31 

32 

33 

35 

36 

37 

2 

3 

4 

5 

6 

Assumed launch December 1, 1968, 1900 hours 

3 

3 

3 

3 

3 

3 

3 

3 '  

3 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

47 500 

48 460 

48 540 

47 980 

48 220 

45 226 

45 226 

45 810 

45 226 

45 930 

45 226 

46 870 

47 450 

45 820 

57 660 

58 620 

58 720 

58 140 

58 380 

49 050 

49 580 

49 580 

48 650 

49 580 

46 050 

47 000 

48 110 

46 550 

48 720 

48 800 

49 480 

49 580 

49 580 

59 200 

59 736 

59 736 

58 750 

59 736 
1 

1550 

1120 

1040 

670 

1360 

824 

1774 

2300 

1324 

2790 

3574 

2610 

2130 

3760 

1540 

1116 

1016 

61 0 

1356 



TABLE 1 V . -  STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued 

45 830 I 604 1 

-1- 

Apollo High g . e . t .  g . e . t .  
star apogee acquired,  l o s s  

number pass number s ec sec 

26 

29 

30 

31 

32 

33 

35 

36 

37 

Tot a1 
t i m e  , 

sec 

4 I 

55 383 

55 383 

55 940 

55 385 

55 000 

55 383 

57 000 

57 600 

55 970 

56 200 

57 080 

58 280 

58 870 

58 900 

59 600 

59 736 

59 736 

817 

1697 

2340 

1325 

3870 

3 517 

2600 

2136 

3766 

(b) Assumed launch January 1, 1969, 1900 hours 

1 

2 

3 

4 

6 

8 

1 2  

29 

3 

3 

3 

3 

3 

3 

3 

48 050 

45 820 

47 620 

48 700 

47 100 

48 940 

48 960 

45 226 

1530 

3760 

1960 

880 

2480 

640 

620 

. 

A 



TABLE 1V.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued 

Apollo High g . e . t .  g . e . t .  
apogee acquired, loss, 

number pass number s ec s ec 
star 

c 

Total  
t i m e ,  

sec - 

30 

32 

35 

36 

37 

1 

2 

3 

4 

6 

8 

12 

29 

30 

32 

35 

36 

37 

- 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

45 226 

45 226 

45 790 

45 850 

45 226 

58 170 

55 980 

57 780 

58 760 

57 270 

59 100 

59 120 

55 383 

55 383 

55 383 

55 950 

56 ooo 

55 383 

46 880 

47 000 

48 230 

48 600 

49 070 

59 736 

59 736 

59 736 

59 ?25 

59 736 

59 736 

59 736 

55 990 

56 960 

57 100 

58 380 

58 770 

59 250 

1654 

1774 

2440 

2750 

3844 

1566 

3756 

1956 

97 6 

2466 

636 

616 

607 

1577 

1717 

2430 

2770 

3867 
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TABLE 1 V . -  STAR-HORIZON NAVIGATION S I G H T I N G S  FOR M I S S I O N  E - Continued 

2pollo ' High g . e . t .  g . e . t .  
star apogee ac qui r  ed , loss y 

number pass number sec s ec 

Tota l  
t i m e  

s ec 

1 

2 

3 

5 

6 

7 

8 

9 

1 0  

11 

1 2  

13 

1 5  

16 

17 

18 

1 9  

35 

1 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

45 550 

45 226 

45 460 

46 300 

45 226 

46 350 

47 080 

48 570 

46 780 

48 150 

47 990 

47 620 

48 080 

48 340 

48 700 

48 940 

48 940 

45 226 

55 700 

47 710 

46 920 

48 560 

48 570 

47 500 

49 580 

49 580 

49 580 

49 580 

49 580 

49 580 

48 850 

49 580 

49 580 

49 350 

49 580 

49 580 

46 ooc) 

57 840 

2160 

1694 

3100 

2270 

2274 

3230 

2500 

1010 

2800 

1430 

1590 

1230 

1500 

1240 

650 

640 

640 

774 

2140 

. 
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Apollo 
s t a r  

number 

53 

TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued 

High g . e . t .  g . e . t .  Tot a1 
apogee acquired, loss , time, 

pass number s ec sec sec 

1 3 

3 3 

( c >  Assumed launch February 1, 1969 , 
1900 hours - Concluded 

45 226 46 390 1164 

45 226 47 580 2354 

~ 

2 

3 

5 

6 

7 

8 

9 

10  

11 

1 2  

13 

1 5  

16 

17 

18 

19 

35 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 -- 

55 383 

55 620 

56 460 

55 383 

56 480 

57 220 

58 700 

56 940 

58 250 

58 250 

57 780 

58 250 

58 500 

58 860 

59 100 

59 100 

55 383 

57 150 

58 700 

58 690 

57 670 

59 736 

59 736 

59 736 

59 736 

59 736 

59 736 

58 990 

59 736 

59 736 

59 490 

59 736 

59 736 

56 150 

1767 

3080 

2230 

2287 

3256 

2516 

1036 

27 96 

1486 

1486 

1210 

1486 

1236 

630 

636 

636 

7 67 
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued 

Apollo High g . e . t .  g . e . t .  
s t a r  apogee ac quir ed , l o s s  , 

number pass number s ec s ec - --- 

Total 
time , 

s ec 

5 

7 

8 

9 

1 0  

11 

1 2  

1 3  

1 5  

16  

19  

20 

22 

23 

25 

1 

3 

5 

7 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4 

4 

4 

4 

45 940 

45 300 

46 ogo 

46 770 

45 820 

47 1 4 0  

48 680 

46 780 

47 480 

47 500 

48 820 

48 820 

48 820 

47 980 

48 700 

55 383 

55 383 

56 l o o  

55 490 

- 
48 480 

47 940 

48 720 

49 480 

49 580 

49 580 

49 580 

49 580 

49 580 

49 580 

49 430 

49 580 

49 580 

49 580 

49 580 

56 580 

57 680 

58 630 

58 100 

2540 

2640 

2630 

2710 

3760 

2440 

900 

2800 

2100 

2080 

61 0 

7 60 

7 60 

1600 

880 

1197 

2297 

2530 

2610 
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Apollo 
star 

number 

T A B L E  1 V . -  STAR-HORIZON NAVIGATION S I G H T I N G S  FOR M I S S I O N  E - Concluded 

High g .e . t .  g . e . t .  Tot a1 
apogee acquired loss y t i m e  , 

pass number sec s ec s ec 

--_ 
8 

9 

10  

11 

12 

13 

1 5  

16  

19 

20 

22 

23 

25 -- 

-_ 
4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

56 220 

56 930 

55 980 

57 300 

58 760 

56 940 

57 570 

57 660 

58 980 

58 980 

58 980 

58 140 

59 000 -- --- 

58 870 

59 640 

59 736 

59 736 

59 736 

59 736 

59 736 

59 736 

59 590 

59 736 

59 736 

59 736 

59 736 

2650 

2710 

3756 

2436 

976 

2796 

2166 

2076 

610 

756 

756 

1596 

736 

. 



Figure 1. -Available starlhorizon combinations. 
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